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ABSTRACT
Xie, Linhui. M.S.E.C.E., Purdue University, August 2018. Heritability Estimation of
Reliable Connectome Features. Major Professors: Paul Salama and Li Shen.
Brain imaging genetics is an emerging research field aimed at studying the un-
derlying genetic architecture of brain structure and function by utilizing different
imaging modalities. However, not all the changes in the brain are a direct result
of genetic effect. Furthermore, the imaging phenotypes are promising for genetic
analyses are usually unknown. In this thesis, we focus on identifying highly herita-
ble measures of structural brain networks derived from Diffusion Weighted Magnetic
Resonance imaging data. Using data for twins that is made available by the Hu-
man Connectome Project (HCP), the reliability of edge-level measures, namely frac-
tional anisotropy, fiber length, and fiber number in the structural connectome as well
as seven network-level measures, specifically assortativity coefficient, local efficiency,
modularity, transitivity, cluster coefficient, global efficiency, and characteristic path
length were evaluated using intraclass correlation coefficients. In addition, estimates
of the heritability of the reliable measures were also obtained. It was observed that
across all 64, 620 network edges between 360 brain regions in the Glasser parcellation,
approximately 5% were significantly high heritability based on fractional anisotropy,
fiber length, or fiber number. Moreover, all tested network level measures, that cap-
ture network integrity, segregation, or resilience, were found to be highly heritable,
having a variance ranging from 59% to 77% that is attributable to an additive genetic
effect.
11. INTRODUCTION
Brain imaging genetics is an emerging research field that integrates genotyping and
neuroimaging data to explore the underlying genetic architecture of brain structure
and function. Genetic analysis of imaging measures not only allows the detection of
risk variants associated with diseases, but also provides insights into the underlying
biological mechanism of brain changes before patient being diagnosed. However, not
all the changes in the brain are a consequential result of genetic effect. Moreover, it
is not usually known which imaging phenotypes are promising for genetic analyses.
Therefore, prior to that, it is important to quantify the degree to which brain imaging
phenotypes can be attributed to genetic effect using heritability estimation. The
broad meaning of heritability is to quantify a phenotype with a value on how is the
trait variation due to the genetic variation among samples.
1.1 Genetic Effect on Brain Connectivity
Recently, substantial attention has been drawn to the genetic influence on struc-
tural brain connectivity, which appeared to be altered in heritable diseases (e.g.
Alzheimer’s disease [1]). One widely utilized measure is fractional anisotropy (FA) [2],
which is a measure of fiber integrity and is very sensitive to the white matter changes
in various diseases [3]. Brain-wide, regional and voxel level FA measures have all been
found to be highly and significantly heritable (p value significant after string Bonfer-
roni correction) [3,4]. Other features that have been investigated include white matter
fiber tract shapes [5], white matter volume, network level characteristic path length
and clustering coefficient [4], and fiber orientation distribution [6]. However, these
studies mostly focus on the heritability of tracts (i.e. white matter ROIs) themselves,
but not on the resulting anatomical connections of the human brain (i.e. connec-
2tome). To this end, the heritability of brain connectomic edge-level features (i.e. FA)
remains largely unknown. The heritability of brain connectomic topological features
are to be investigated.
1.2 Heritability of Brain Connectivity
To bridge this gap, we propose to perform a comprehensive heritability analy-
sis of anatomical brain networks using the twin data from the Human Connectome
Project (HCP) [7]. We employ a new brain parcellation (partition on brain surface)
with 360 brain regions of interest (ROIs) [8] to generate brain networks with im-
proved anatomical precision. These brain regions are defined based on functional
MRI (fMRI), which allows us to examine the genetic influence on the structural co-
ordination within/between functional brain circuits. Using three sessions of diffusion
weighted imaging (DWI) scans for each individual, we first evaluate the reliability
of three edge-level measures, including fractional anisotropy, fiber length and fiber
number, and seven network-level measures using intraclass correlation coefficients
(ICC) [9]. The heritability of these reliable network measures were then estimated
using Sequential Oligogenic Linkage Analysis Routines (SOLAR)-Eclipse software.
Across all 64,620 edges between 360 ROIs, approximately 5% of them show signif-
icantly high heritability in fractional anisotropy, fiber length or fiber number. Top
functional brain circuits connected by these heritable edges include visual and default
mode network (DMN). Brain regions in DMN are later found to have similar gene
expression patterns in the Allen Human Brain Atlas (AHBA). All the tested network
level measures, capturing the integrity, segregation or resilience of brain networks, are
highly heritable with variance explained by the additive genetic effect ranging from
59% to 77%.
This thesis is arranged as follow, Chapter 2 provides a review of research related
to connectome and heritability studies. The approaches used in this study are given
in Chapter 3, in addition to the results of reliability test and heritability estimation of
3connectome features based on the cohorts of several different twin groups. Chapter 4
summarizes the work and the contribution of this thesis. Future work is also discussed
in chapter 4.
42. LITERATURE REVIEW
2.1 Connectomics
One of the most sophisticated systems in the human body is the brain, which
consists of 86.1 +/- 8.1 billion neurons and their neuronal interactions, giving rise
to a total of approximately 1015 synaptic connections [10,11]. Finding the structural
connections among neurons (including electrical and chemical connections between
axons and dendrites) is essential for understanding brain functions. More and more
neuro-scientists have recently realized the importance of constructing human brain
connectivity networks to reveal brain functionalities.
To investigate the underlying brain anatomical connections, Sporn [12] and Hag-
mann [13] independently proposed the concept the “Human Connectome” whose pur-
pose is to depict brain networks and reveal the connection rules of brain network. The
Connectome can be seen as a complex of cross-connected neurons and neuron clus-
ters, as well as interconnected cortical areas. Given that neighboring neurons are
more likely to connect with each other, densely connected adjacent neurons lead to
“small-world” properties for many anatomical or functional differentiated cortical ar-
eas [14–18]. The relatively few long-distance connections are a result of economical
selection of both short and long axons inside the brain to achieve material and energy
efficiency [19, 20]. In this way, the brain is able to achieve an economical working
pattern that is both globally collaborative and locally focused [19,21]. Since it is un-
realistic and infeasible to construct massive connections for each single neuron at the
microscale level (∼10−6m), on the basis of functionally or anatomically distinct cor-
tical areas, it thus more practical to assemble the Human Connectome at mesoscale
level (∼10−4m) [12]. The brain is no longer treated as a group of discrete anatomical
units or a collection of chemical substances, rather it can be viewed as a complex unity
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logical properties inside the brain and consequently the internal working mechanism
of the brain can be explored.
The idea of the Connectome can be traced back to the first description of brain
neuronal connectivity of 302 neurons inside a tiny Caenorhabditis elegans nervous
system that was carried out by Brenner in 1986 [22]. In 1991, Felleman was able to
depict all 305 synaptic connections among visually related cortical areas in a macaque
monkey and show the hierarchical structures in its brain [23]. Around the same
time, Young reported approximately same number of visual cortical areas and their
interconnections in a macaque monkey, showing the economical work pattern [24].
Young then investigated the same network connections in a cat by using non-metric
multidimensional scaling methods and revealed the local densely connected and global
sparsely interconnected topological organization [25]. However, there has been few
work done to obtain the network of structural connections of a human brain through
physiological anatomy. This is mainly due to the fact that the invasive method
of obtaining human brain structural connectivity cannot be performed on a living
person. On the other hand, can we make assumption that the human structural
brain network is similar to that brain connectivity for the macaque hence can be
inferred based on the connection patterns of macaque brains [26]? Nonetheless, such
an inference is inappropriate since human brains and mammalian brains have distinct
structure and relatively less functional similarities [26]. Hence, using non-invasive
methods to construct human brain connectivity networks have emerged as a promising
area.
Recent developments in Magnetic Resonance Imaging (MRI) techniques, namely
Diffusion Tensor Imaging (DTI) and Diffusion Spectrum Imaging (DSI) have enabled
the visualization of axonal tracts inside the brain as well as fiber orientation due to
the water molecular mainly move along the direction of fiber bundle [27,28]. By using
these tools, the characteristics and mechanics of brain structure and brain function
are more easily found when compared to previous methods [20]. Both DTI and
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water molecules from high concentration to low concentration. In a uniform media,
molecules can diffuse freely in all possible directions. Thus their movement is isotropic
and is consequently represented by a spherical tensor inside a voxel (a minimum unit of
3D MRI scan) [28]. Examples of this phenomenon are exhibited by the Cerebrospinal
Fluid (CSF) and cerebral gray matter, where there are less obstacles and hence the
diffusion of molecules is approximately isotropic [29]. However, in the brain’s white
matter, diffusive anisotropy exists due to weak perpendicular diffusion and strong
parallel diffusion on the direction of traveling along a nerve fiber, resulting in an
ellipsoidal tensor [29–31]. Therefore, the diffusion coefficient of water molecules along
the direction of nerve fibers is greater than that along the perpendicular direction.
Based on this principle, DTI can effectively observe and track white matter fiber
bundles by measuring the diffusion rates of water molecules in such nerve fibers
structures [27].
The DTI is a new magnetic resonance imaging technique developed on the basis
of Diffusion Weighted Imaging (DWI) technology. A commonly used DWI technique
is to apply two diffusion sensitizing gradient magnetic fields (same magnitude and
direction) symmetrically to both sides of a 180◦ pulse in a spin echo (SE) sequence
[32]. In the case of stationary water molecules, the first gradient pulse causes all
proton spins, resulting in a phase change. Meantime, the latter gradient pulse re-
aggregate the phase. The signal will be decreased if the phase dispersion does not
completely accumulated [33]. Therefore, the diffusion motion will make the signal
collected by the above sequence decrease, thereby the specific diffusion direction could
be observed [33]. However, DWI imaging only applies sensitive gradients in the three
principal directions of X, Y and Z axes. It is lack of precision to evaluate the diffusion
of different tissues in three-dimensional space. The degree of tissue anisotropy is
often underestimated. To address this issue, DTI is introduced and can be used to
quantitatively analyze the diffusion characteristics of water molecules in tissues in
three-dimensional space.
7From the neuroscience perspective, there are various types of nerve fiber tracts
in the brain’s white matter. Since water molecules in these fiber bundles mainly
move along the direction of the fiber bundles, this enables DTI and DSI to obtain
diffusion coefficients in multiple different spatial directions to achieve the reconstruc-
tion of these neuron fiber bundles [34]. In addition, DTI and DSI can determine the
connections between hundreds of distinct functional brain regions, although they are
unable to distinguish the direction between neurons [35]. Nonetheless, single synaptic
connections and multiple synaptic connections can be distinguished by DTI and DSI.
This indicates that functional brain connections can be predicted by the correspond-
ing structural connections, but it is difficult to predict structural connections based
on functional network [35]. Some direct functional connections exist but there are no
such direct structural connections.
2.2 Brain Connectivity Construction
The analysis of DTI or DSI brain networks describes the brain as a network of
nodes and edges. A node in a structural brain network can be defined as a single
neuron, a local neuronal circuits, or cortical areas with specific functions. The defined
cortical areas can form a local subnetwork as a node in or as a part of a brain
network at a higher-scale. [36–38]. In many current research works, each node in the
network represents a different brain region divided by a priori template [36–38]. Edges
represent white matter fiber bundles connected between brain regions, also known as
brain region of interest (ROI). Thus, a brain network is a multi-scale complex network
with a hierarchical structure.
The study of neuroimaging brain networks focuses mainly on mesoscale and large-
scale regions since current clinical neuroimaging collection accuracy is at the millime-
ter level. Common division templates include, the structural atlas such as the Brod-
mann Altas [39], the Harvard Oxford Atlas (HOA) [40], the Anatomical Automated
Labeling (AAL) Altas [41], the LONI Probabilistic Brain Atlas (LPBA40) [42], the
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Atlas [45], and Glasser Atlas [8]. In diffusion tensor imaging tractography fiber bun-
dles tracking algorithms can either be deterministic or probabilistic [46]. Although
probabilistic algorithms tend to have higher accuracy, yet in real network analyses
deterministic algorithms are usually used as they incur a lesser amount of computa-
tion [47].
In general, DTI is used in conjunction with spatial normalization to obtain the
diagonalized diffusion tensor matrix, in which three eigenvalues and associated eigen-
vectors (representing principal directions) are obtained [48]. Fractional Anisotropy
(FA), which is a measure of mean diffusivity, is then found using the three eigenval-
ues. An FA value of 0 of represents isotropic diffusion while a value of 1 indicates
maximum anisotropy. This measure however does not show the direction of diffusion.
In addition, to constructing brain connectivity, it is necessary to define connectiv-
ity strengths, usually in the form of connection weights. Using the method of fiber
assignment that is based on continuous tracking of white matter anatomy [49], the
termination condition for a fiber either a fractional anisotropy (FA) value less than
0.2 or a bending rate (angle between two neighbor tensor) greater than 45◦ [2, 50].
Current streamline tractography algorithm called spherical-deconvolution informed
filtering of tractograms (SIFT), constructs connectivity weights in proportion to the
corresponding quantitative density of the underlying white matter fibers [51]. Instead
of removing streamlines, an updated version of SIFT, SIFT2, provides a computa-
tionally efficient cross-sectional streamline determination method [51].
2.3 Analysis of Brain Connectivity in Alzheimer’s Disease
Although the genome for humans can be determined at birth, yet brain connec-
tivity networks are constantly changing throughout their lives. The study of various
brain associated diseases from the perspective of the network appears to be a good
way to unravel the nature of these diseases and to explore the underlying changes to
9cerebral nervous system. Based on recent fMRI based research on Alzheimers disease
(AD), AD patients’ functional brain networks experiences degradation compared to
normal patients. This degradation exhibits high specificity and sensitivity which is
also an important objective index for clinical diagnosis [52]. It is common for brain
network disorder to cause many mental or neurological diseases [53–55]. In addition,
complex brain networks studies have been extended to brain cognitive studies [56].
Patients’ brains with neurological or psychiatric disorders display functional variance
with structural damage and variance. However, the relationship between this type of
brain structural variation and brain functional variation remains unknown. Moreover,
what mechanisms and relationships exist between network plasticity and brain struc-
ture to development, aging, or specific training still warrant further investigation?
The next chapter introduce the test re-test reliability for the multiple datasets.
Intra Class Correlation (ICC) is employed to set a threshold to keep reliable features.
Ploygenic model for SOLAR-Eclipse genetic tools is discussed and String Bonferroni
Correction is applied to set a threshold for keeping significant heritable connectomic
features.
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3. METHOD AND RESULTS
The mapping of brain cortical regions for data obtained from human connectome
was carried out initially to construct brain network connectivity. The steps required
in this construction of structural data are addressed in this chapter. Given that
sessions of Diffusion Weighted Imaging were performed for every subject, test-retest
reliability was analyzed for each connectomic features. A polygenic model was applied
to estimate heritability. The theory behind the polygenic model as utilized in this
work is introduced and the results are discussed in this chapter.
3.1 Human Connectome Project Data
To conduct heretibility analysis we downloaded high spatial resolution Diffusion
Weighted Imaging (DWI) data from the Human Connectome Project (HCP) [7]. In
total, there were 179 twin pairs, with an age range of 29.1 ± 3.68, including 136 mono-
zygotic females, 98 mono-zygotic males, 68 di-zygotic females and 56 di-zygotic males.
DWI data was processed following the MRtrix3 guidelines [57]. More specifically, we
generate anatomical image based on brain T1 image and tissue segmentation, and
used it to constrain the streamline propagation in fiber tractography [58]. Given
different b-value, sample water movement formed varied radius spherical shell (in Q-
space) [59]. The white matter fiber orientation information was then extracted by
multi-shell, multi-tissue constrained spherical deconvolution from different tissue type
(WM/GM/CSF) in DWI [60]. Fiber orientation distribution function could be esti-
mated and apparent fiber density were exploited to produce reliable WM/GM/CSF
volume maps [60,61]. Subsequently, random seeds on the basis of the voxel are selected
to generate initial tractogram for 10 million streamlines following two conditions with
maximum fiber tract length at 250 mm and FA larger than 0.06. Instead of filter-
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ing out the unsatisfied streamlines, the updated Spherical-Deconvolution Informed
Filtering of Tractograms (SIFT2) technqiue making use of complete streamlines, is
applied to generate more biologically accurate brain connectivity in terms of differ-
ent measures [51, 62]. Finally, we mapped filtered 10 million streamlines onto the
Glasser template with 360 Regions of Interest (ROIs) [8] to generated the structural
connectivity. Final brain networks were constructed using fibers going through white
matter and connecting Glasser ROIs. We then applied three edge-level measures,
namely fractional anisotropy (FA), fiber length (FL) and fiber number (FN). In ad-
dition, we binarized the brain network and obtained seven network-level topological
features characterizing the integrity, segregation, and resilience of brain networks [47]
(see Table 3.1).
3.2 Reliability of Connectomic Features
Tractography-based networks are known to have an issue with regards to measure-
ment reliability. To investigate the precision of connectomic features, we estimated
test-retest reliability by comparing three DWI data sets acquired for the same indi-
viduals but at different time points. We found the intraclass correlation coefficients
(ICC) for each brain connectomic feature to evaluate their reliability [9]. All connec-
tomic features with an ICC value greater than or equal to 0.75 are deemed to have
good/excellent reliability and are included in the subsequent heritability analysis [63].
3.3 Heritability Analysis
Heritability is defined as the proportion of phenotypic variance attributable to
genetic variance. In this thesis, we used SOLAR-Eclipse [64], a software tool to
estimate the heritability of all brain connectomic feature, including FA, FL, FN of
64, 620 edges and the seven network level measures given in Table 3.1). Network level
measures are derived from the binarized brain network mentioned above, such that
the weight of a link is set to 1 if it exists and deemed reliable, but 0 otherwise [47].
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SOLAR-Eclipse is chosen over the traditional ACE model [65] due to its ability to
evaluate covariate effects, significance of heritability, and the standard error for each
phenotype trait [3]. Prior to conducting the heritability analysis, the data is trans-
formed to have a zero-mean and unit-variance Gaussian distribution. This is done
to ensure normality of all the measures. Since many previous studies have reported
the effect of age (linear/nonlinear), gender and their interactions on structural brain
connectivity [66–69], all heritability analyses were conducted with age at scan, age2,
sex, age×sex and age2×sex as covariates. Output from SOLAR-Eclipse includes her-
itability measure (h2), standard error, and the corresponding significance p value for
each feature. In addition, we obtained the total variance explained by all covariate
variables.
To determine the heritability measure (h2), we need to utilize the SOLAR-Eclipse
polygenic variance component model [64] for phenotype trait vector Y on N twin
subjects, which is given by:
Y = Xβ + a+ , (3.1)
where X is an N × 5 array of age, age2, sex, age×sex and age2×sex covariates for
each individual, a is an N × 1 vector of unobserved additive genetic effect, and N × 1
vector  denotes residual errors. Here we denote Σ the trait covariance matrix of Y
and assume data follows a multivariate normal distribution,
a+  ∼ N (0,Σ)
Hence, Y can be written as,
Y ∼ N (Xβ,Σ)
The covariance matrix Σ can be found from,
Σ = 2σ2AΦ + σ
2
EI, (3.2)
where Φ is a kinship matrix contains the pairwise relationship between all N input
twin individuals, I is known as identity matrix, σ2A is the additive genetic variance
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component and σ2E the is environmental variance component. Hence, the narrow
sense of additive genetic heritability is defined as,
h2 =
σ2A
σ2A + σ
2
E
(3.3)
The maximum log likelihood of the original polygenic model (Eqs. 3.1 and 3.2) is
given by:
arg maxβ L (β) = log
N∏
i=1
1
|Σ|1/2√2pi
e[−
1
2
(Y−Xβ)TΣ−1(Y−Xβ)] (3.4)
The log likelihood is then transformed as,
L (β, , Y,X) = −1
2
Nlog (2pi)− 1
2
Nlog (|Σ|)− 1
2
(Y −Xβ)TΣ−1 (Y −Xβ) (3.5)
By introducing a transforming matrix S, the original model becomes an eigen-simplified
polygenic model. Matrix S consists of the eigenvectors of Φ which are also the eigen-
vectors of Σ in Equation 3.2. Applying the transformed matrix to Equation 3.1
returns,
STY = STXβ + STa+ ST . (3.6)
Denoting the transformed versions of Y , X, a and  by Y ∗, X∗, and ∗respectively,
then,
Y ∗ = X∗β + ∗ (3.7)
Similarly, we denote Σ∗ the trait covariance matrix of Y ∗ and assume data follows a
multivariate normal distribution,
∗ ∼ N (0,Σ∗), Y ∗ ∼ N (X∗β,Σ∗)
Diagonalizing matrix 2Φ in Eqs. 3.2 to a matrix Dg, where Dg is a diagonal matrix
comprising the eigenvalues of 2Φ, that is Dg = diag{λgi : i = 1, · · · , N}:
V ar (∗) = Σ∗ = σ2ADg + σ
2
EI (3.8)
After the transformation, the variables have been changed, the and variance has the
representation:
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Σ = SΣ∗ST
The log likelihood takes on the exact same form except it is much easier to work with
since Σ∗:
L (β∗, σA, σE;Y ∗, X∗) = −1
2
Nlog (2pi)−1
2
N∑
i=1
log
(
σ2Aλgi + σ
2
E
)−1
2
N∑
i=1
(Y ∗i − (X∗β)i)2
σ2Aλgi + σ
2
E
(3.9)
Solve above optimization problem benefits σA and σE and regression coefficient β.
Substituting value of σA and σE in Eqs. 3.2 returns heritability estimation of input
trait. The subsequent sections provide the results of all the experiments carried out.
3.4 Results for HCP cohort with 358 twin subjects
3.4.1 Reliability of brain connectomic features
We first determine the reliability of brain connectomic features for the HCP cohort
comprising 358 twin subjects. Figures 3.1 (a), (b), and (c) depict scatter plots of edge-
level reliability vs heritability as estimated by SOLAR-Eclipse. Each dot corresponds
to one edge and the color indicates the significance of the heritability. With regards to
the FA, FL and FN measures, 11.13%, 9.95%, and 45.54%, respectively, of all the edges
show consistency across the three sessions, that is they had a good/excellent reliability
score (ICC ≥ 0.75). In total, 43, 051 out of 193, 860 edge-level features passed the
reliability test. All tested network level measures show very good reproducibility
across sessions, having ICC values ranging from 0.85 to 0.92 (see Table 3.1). Since
we focus on the features reproducible across three sessions, the heritability analysis
was only performed on the DWI data from one session.
3.4.2 Heritability of edge-level measures
After excluding the edges that fail the reliability test, there are 5105 remaining
edges whose FA show significantly high heritability after applying the stringent Bon-
ferroni correction (p ≤ 0.05/(64, 620×3) = 2.58×10−7) [70]. In the case of the FL and
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FN measures, there were 2687 edges and 7311 edges that passed the significance test,
respectively. From Figures 3.1(a), (b), and (c), here red dots indicate the heritability
estimation p-val for this edge is around 10−4, whereas the yellow dots show the not
significant p-val around 10−2. To visualize the reliable and significant heritable edges
(black dots on top right), we further plot the distributions of these edges.
From Figures 3.1(d), (e), and (f), we observe that the heritability (h2) of the
FA measure is between 0.4 and 0.85. FL and FN measures show similar heritability
distributions, except that there are fewer edges that have very high heritability (h2 ≥
0.8).
Figures 3.1(g), (h), and (i) exhibit the “heatmaps” of the anatomical connection
matrix with ICC≥0.75 and p ≤ 2.58e − 7 for FA, FL, and FN measures respec-
tively. Here red dots indicate the heritability estimation value for this edge is very
high (h2 > 0.8), whereas the yellow dots show relatively lower value (h2 around 0.6).
Glasser brain regions were reordered to form seven functional groups as defined in the
Yeo parcellation [71] (see Figure 3.2). A subcortical part was added to complement
the Yeo atlas. For all three edge-level measures, the majority of significantly heritable
and reliable edges are located within the default mode network, the visual circuit, or
the connections of default mode network with other circuits, such as Ventral Atten-
tion and Frontal-Parietal. The default mode network brain region was discovered
accidentally while the increasing activity were detected in the passive control states,
comparing to states people were consciously doing goal oriented tasks [72]. Edges
connecting Visual and Somato-Motor circuits show the highest average heritability
(h2 = 0.69) in terms of the FA measure. Based on the FL and FN measures, edges
with the highest average heritability were found to belong to the Limbic System
(h2 = 0.64 in the case of FL and h2 = 0.49 in the case of FN).
Subsequently, for each type of measure, we further ranked the edges based on their
heritability (h2) and examined the brain regions connected by the top heritable edges.
Figures 3.3 (a), (b), and (c) depict the “heatmaps” indicating the heritability of the
top 0.5% edges based on the FA, FL, and FN measures respectively. Similarly, here red
16
dots indicate edges with the relatively high heritability estimation value (h2 > 0.8),
while yellow dots show relatively lower value (h2 around 0.6) of heritability estimation.
In the brain connectivity maps, shown in Figures 3.3(d), (e), and (f), we observed
that many top heritable edges are within the frontal lobe, while several brain regions
in occipital lobe (primary visual cortex) are categorized as hubs connected by some
highly heritable edges based on the FA and FL measures. These fiber tracts belong to
white matter regions inferior to the longitudinal fasciculus, whose regional FA value
was previously identified to be highly heritable [3]. In addition, we found that the
length of Cingulum tracts (vertical lines in the middle of the brain) are also largely
controlled by genetic factors, with h2 around 0.65. Its FA measure was also previously
reported to be heritable with h2 = 0.81 [3].
Based on FN, top heritable edges show a different spatial pattern and are more
evenly distributed across the whole brain. Functional brain circuits that are mostly
connected by these top heritable edges are Default Mode Network(DMN) and Fronto-
Parietal(FP) as shown in Figures 3.3(g), (h), and (i).
Finally, we examined the expression patterns of those brain regions involved in
the DMN circuit in the Allen Human Brain Atlas, including the medial prefrontal
cortex, the angular gyrus, the precuneus, the posterior cingulate cortex, and the
hippocampus. Interestingly, many of these brain regions which are connected by
heritable edges show very similar gene expression patterns.
3.4.3 Heritability of network-level measures
For each individual, we extracted seven network-level topological features to eval-
uate the integrity, segregation, and resilience of brain network. These features are
the assortativity coefficient, modularity, local efficiency, cluster efficiency, transitivity,
characteristic path length, and global efficiency [47].
A brain network is initially binarized in such a way that the weight of the link is
set to 1 when it exists and 0 otherwise. Thus, the FA brain structural connectivity
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was used to extract the seven network-level topological features needed to quantify
individual brain network with seven neurobilogical meaningful numbers. Denoting
the number of links to a node as its “degree”, the assortativity coefficient is defined
to be correlation coefficient between the degrees of all 64, 620 pairs of connections.
This is used as a measure of network resilience. Network segregation is quantified by
the presence of modules or clusters, which is based on modularity (defined to be the
number of non-overlapping modules), local efficiency (mean value of inverse distance
of the shortest edge not passing through a target node i but connected other two
nodes in a triangle divided by the square value of a degree for this target node) [47],
Eloc =
1
n
∑
i∈N
∑
j,h∈N,j 6=i aijajh[djh (Ni)]
−1
ki (ki − 1) (3.10)
cluster efficiency (average fraction of the number of triangles in a target node divided
by the square value of a degree for this node) [47],
C =
1
n
∑
i∈N
2trianglei
ki (ki − 1) (3.11)
and its variant transitivity (normalized collectively) [47]:
T =
∑
i∈N 2trianglei∑
i∈N ki (ki − 1)
(3.12)
The shortest path length, also known as characteristic path length, which is measured
by the average distance between the target node and all other nodes and its inverse
global efficiency, which is a measure to evaluate disconnected network, are both used
to characterize the network integrity [47].
Table 3.1 provides a summary of the estimated heritability of all topological fea-
tures. The five covariates: age, age2, sex, age×sex and age2×sex, were found to
account for approximately 15% of the variance of all topological features except for
the assortativity coefficient and the characteristic path length. The covariates: sex
and age2× sex are the only factors that exhibit significant influence on the network
topology heritability. Assortativity coefficient was found to have the highest reliabil-
ity, but only 58% of variance can be attributed to the additive genetic effect. The
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other six features are estimated to have similar heritability of approximately 0.75.
These findings are consistent with previous studies. It was reported in [4] that the
characteristic path length and the clustering coefficient of an anatomical brain net-
work are highly heritable. The heritability estimation carried out in this work is
slightly higher than reported in [4], possibly due to the selection of different brain
parcellation schemes.
3.4.4 Top five significant heritable edge-level measures.
The variance explained by the five covariates for selected edges are listed in Table
3.2. Each pair of functional groups in the Yeo parcellation are shown for the top
5 most significant heritable connections. The top significant heritable edges have
very high reliability (ICC ≥ 0.90) and their heritable estimation values for both FA
and FL are above 0.8. With regards to edges related to FL, the variance is largely
explained by the covariate “sex”. In addition, the top heritable edge in terms of FN
has a relatively high significant p-value for the covariate “sex” as well. Hence, gender
effect on the heritability of brain connectivity is further discussed in the next several
sections.
3.5 Results for HCP cohort with 154 male and 204 female twin subjects
As depicted in Fig. 3.4, gender effect indicates that females have more significant
heritable edges in terms of feature Fractional Anisotropy. Based on Fig. 3.7, the
number of significant heritable edges in the female cohort is double that in male
cohorts. Further, the number of edges found in the female cohort are triple those in
the male cohort. Although the collapsed connectivity matrix corresponding to the
functional group in the Yeo parcellation has similar patterns for both male and female
brain connectivity, yet it is challenging to interpret such difference solely based on
gender, given that the sample size is different between both female and male groups.
It is noticeable that the sample size strongly influences the output since there are more
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subjects in the cohort of female twins than in a cohort of male twins. In addition, the
average h2 values for edges connecting with function groups in Yeo parcellation are
slightly larger in the cohort of male twins. To better understand why this we examine
the effect of sample size. The original cohort is further divided into two groups. One
comprised 1/3 of the subjects of the original twin group, while the other one consisted
of the rest of subjects. The heritability estimation of both groups was conducted and
is discussed in the next section.
3.5.1 Results for HCP cohort with one third group and two thirds group
As mentioned previously the subjects were divided into two groups: one group
consisting of only 1/3 of all the subjects, while the second group consisted of the rest,
that is 2/3 of all subjects. Female to male ratio and MZ to DZ ratio are all reserved
to remove the bias from the sample structure. This resulted in one group having
N = 118 twins while the other had N = 240 twins. This was repeated for a total of
five times. From Fig.3.13 - Fig. 3.30 are comparisons across FA, FL and FN features
between small twin group and large twin group. It is observed that similar values for
all three edge-level features were obtained for the two groups, respectively.
Furthermore, comparison of the top 0.5% edges in the two groups reveals that
the top significant heritable connections are usually detected first. Comparing brain
maps it is observed that connections pattern are similar across the three edge-level
features. Within the group made up of one third of the twins, the average h2 value for
detected edges was 0.2 higher than the h2 value detected in the cohort comprising two
thirds of twins. All the evidence indicate that the result varies based on the selection
of subjects. However, the top significant heritable edges have similar connection
pattern since they are detected first. To further investigate the effect of gender, those
differences between males and females in terms of brain connectivity, two cohorts
made up of equivalent number of subjects (N=154) are constructed with same MZ:DZ
ratio. The results are discussed in the subsequent section.
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3.6 Difference between HCP cohort with 154 male and 154 female twin
subjects
In this study, the subjects were grouped into two cohorts, one consisting of only
N = 154 male subjects while the other was comprised of N = 154 female subjects.
To obtain the FA, FL, and FN measures, the masks created for the corresponding re-
liability test with original cohort were applied to filter out edges with lower reliability
score (that is ICC < 0.75).
As shown in Figure3.31, there were 2053 edges found for the female cohort and a
slightly higher number of 2644 edges for male cohort whose FA exhibit significantly
high heritability after applying the stringent Bonferroni correction. If the edges de-
tected in both female and male cohorts are excluded then there remain 593 edges
and 1184 edges that pass the significance threshold, respectively. The number of the
significant heritable edges left in the male cohort are approximately double those in
the female cohort. However, Figure3.31 shows that there are slightly more edges for
female cohort, in particular 948 than the 644 edges found for male cohort whose FL
are significantly high heritable. In turn, the significant heritable edges left in female
cohort are double those in the male cohort. With regards to the FN measure, signifi-
cant heritable edges have similar distributions in both female and male cohorts. In all
three histogram figures, the heritability (h2) of FA, FL, and FN are all between 0.55
and 0.9. However there are much fewer edges with very high heritability (h2 ≥ 0.8),
based on the FL and FN measures, in the male cohort in comparison to the female
cohort.
Figures 3.32, 3.35, and 3.38(a)(b) provide “heatmaps” of the anatomical connec-
tion matrix for the FA, FL, and FN measures, that are significantly reliable (ICC≥0.75
and p ≤ 2.58 × 10−7) after the common edges between the female and male cohorts
have been excluded. Similarly, Figures 3.32, 3.35, and 3.38(c) exhibit the “heatmaps”
showing differences between the female and male cohorts in regards to the significant
heritable and reliable anatomical connections existing in both groups. Here again,
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Glasser brain regions were reordered to form seven functional groups as defined in Yeo
parcellation [71]. Again, in the first and second column, here red dots/edges/blocks
indicate edges with the relatively high heritability estimation value (h2 > 0.8) , while
yellow dots/edges/blocks show relatively lower value (h2 around 0.6) of heritability
estimation. While in the third column, the red dots/edges/blocks indicate the her-
itability estimation value (h2) in female group are 0.2 higher those edges in male
group, whereas green dots/edges/blocks show inverse result.
3.6.1 Influence of the Fractional Anisotropy Measure
The figures indicate that, based on the FA measure, the majority of significantly
heritable and reliable edges in the cohort of female twins are located within Default
Mode Network, connect the Default Mode Network with other circuits such as the
Ventral Attention, the Frontal-Parietal, and the Somato-Motor circuits, or connect
the Dorsal Attention and the Somato-Motor circuits. In contrast, the majority of
significantly heritable and reliable edges in the cohort of male twins mainly exist
within the Visual circuits, connect the Default Mode Network with Ventral Attention
circuit, or connect the Dorsal Attention and Somato-Motor circuits. The common
connections for both female and male groups are largely found between the Default
Mode Network and other circuits.
In general, the average h2 value for female only twins group was found to be
0.696, whereas it was 0.723 for the male only twins group. Further, considering only
connections with highest average heritability (these had more than 40 edges), these
were found to be connecting the Dorsal Attention and Somato-Motor circuits in the
female only cohort (with h2 = 0.69), whereas they were between the Dorsal Attention
and Ventral Attention circuits in the male only cohort (with h2 = 0.71).
In the brain connectivity map, shown in Figures 3.32(d-f), the significant heritable
edges belonging to the female only twins group are located within the temporal lobe.
Moreover, the FA measures for Cingulum tracts (vertical lines in the middle of brain)
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are found to be influenced by genetic factors, with h2 around 0.65, as was previously
found in the heritability estimation based on Fiber Length (FL) for the entire cohort
(N = 358). In comparison, the edges detected only in male twins group are mainly
located within the temporal lobe and within the limbic lobe, with h2 around 0.70.
Among these, around 80 edges are identified as highly heritable (h2 ≥ 0.8), hence
are marked as red connections. For the male only group, these fiber tracts belong
to white matter region inferior longitudinal fasciculus, whose regional FA value was
previously identified to be highly heritable [3].
Following [73] and focusing on the right hemisphere reveals that for the cohort of
female twins, there are relatively more heritable edges on the right hemisphere. In
fact [73] shows gender difference in DMN and DA networks in response to reward
and punishment, indicating that there is relative effect of the networks in DMN
(internal) and DA (external) to attention. Women exhibited greater activation of
limbic and prefrontal structures, while men portrayed greater activation of parietal
areas such as the superior parietal lobule and left precuneus [74]. These results
suggested that women may have neural processing biases toward stimuli representing
reward and punishment [73]. Our findings give the pathway of these circuits and
further investigation within these connections would provide more genetic influences
on the brain structures.
3.6.2 Impact of Fiber Length
Similar to FA, FL measures indicate that the majority of significantly heritable and
reliable edges existing in the cohort of female twins are located in the edges connecting
the Default Mode Network with other circuits, such as the Ventral Attention and
Frontal-Parietal. In contrast, the majority of significantly heritable and reliable edges
in the cohort of male twins mainly connected in the same regions as female cohort,
only the existing edge numbers are less than female cohort. The common connections
for both female and male groups are largely found within Default Mode Network,
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between Default Mode Network and Frontal-Parietal. For the common connections
for both female and male groups, the edges heritable value h2 in female group are
overall higher than male group.
In general, the average h2 value for female only twins group was found to be
0.712, whereas it was 0.704 for the male only twins group. Further, considering
only connections with more than 20 edges, these were found to be connecting the
Default Mode Network and Fronto-Parietal circuits in the female only cohort (with
h2 = 0.69), whereas they are within the Default Mode Network in the male only
cohort (with h2 = 0.67).
3.6.3 Influence of the Fiber Number Measure
Similar to the findings based on the FA and FL measures, the FN measures in-
dicate that the majority of significantly heritable and reliable edges existing in the
cohort of male twins are located within the Visual circuits, connect the Default Mode
Network with other circuits, such as the Ventral Attention, Frontal-Parietal, and
Somato-Motor circuits. In contrast, the majority of significantly heritable and re-
liable edges in the cohort of female twins mainly exist within the Default Mode
Network, or connecting the Default Mode Network with Dorsal Attention circuit and
Fronto-Parietal. The common connections for both female and male groups are very
sparse hence is no meaningful information.
In general, the average h2 value for female only twins group was found to be
0.665, whereas it was 0.667 for the male only twins group. Further, considering only
connections with more than 40 edges, these were found to be within the Default
Mode Network in the female only cohort (with h2 = 0.68), and are similarly within
the Default Mode Network in the male only cohort (with h2 = 0.68).
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Table 3.1.
Heritability of topological features derived from brain networks.
Topological
Features
ICC h2 Std. Error P-value
Variance
(Covariates)
Assortativity Coefficient 0.92 0.59 0.06 3.50× 10−13 0.04
Local Efficiency 0.89 0.76 0.04 1.36× 10−24 0.18
Modularity 0.87 0.70 0.05 3.02× 10−19 0.11
Transitivity 0.89 0.77 0.04 3.90× 10−24 0.16
Cluster Coefficient 0.89 0.76 0.04 1.37× 10−24 0.17
Global Efficiency 0.87 0.75 0.04 4.88× 10−23 0.16
Characteristic Path Length 0.85 0.72 0.04 5.71× 10−23 0.02
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(a) Fractional Anisotropy (b) Fiber Length (c) Fiber Number
(d) (e) (f)
(g) (h) (i)
Fig. 3.1. Heritability distribution of all significant and reliable edges
for FA, FL and FN features. (a) (b) (c) Scatter plots of reliability
against heritability. Dot color indicates log-transformed p-values. (d)
(e) (f) Histogram for reliable edges. (g) (h) (i) Heatmap of anatomical
connection matrix. Rows and columns are reordered to form seven
functional groups corresponding to Yeo parcellation. Top and side
color panels indicate the corresponding Yeo parcellation of each ROI.
The last subcortical (SUB) group is added to complement the Yeo
atlas.
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Fig. 3.2. Brain map of Yeo parcellation in MNI space. From left
to right: axial view, coronal view, sagittal view (Left) and sagittal
view (Right). The bottom color panel indicates the color scheme of
different regions: Visual (VIS), Somato-Motor (SM), Dorsal Attention
(DA), Ventral Attention (VA), Limbic system (LS), Fronto-Parietal
(FP) and Default Mode Network (DMN).
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(a) Fractional Anisotropy. (b) Fiber Length. (c) Fiber Number.
(d) (e) (f)
(g) (h) (i)
Fig. 3.3. Heritability of top 0.5% edges ranked by h2 for FA, FL and
FN features. (a) (b) (c) Heatmap of anatomical connection matrix.
(d) (e) (f) Heritability of edge-level measures in the brain map. Node
color indicates different Yeo functional groups. (g) (h) (i) Heatmap
showing total number and average h2 value of edges connecting each
pair of functional groups in Yeo parcellation. Top and side color
panels indicate the corresponding Yeo parcellation of each ROI. The
last subcortical (SUB) group is added to complement the Yeo atlas.
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(a) FA All Twins. (b) FA Female Twins. (c) FA Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.4. Heritability distribution of all significant and reliable edges
for all twins, female twins and male twins within the Fractional
Anisotropy feature. (a) (b) (c) Histogram for reliable edges. (d)
(e) (f) Heatmap of anatomical connection matrix. Rows and columns
are reordered to form seven functional groups corresponding to Yeo
parcellation. Top and side color panels indicate the corresponding
Yeo parcellation of each ROI. The last subcortical (SUB) group is
added to complement the Yeo atlas. (g) (h) (i) Heatmap showing
total number corresponding to number in histogram above and aver-
age h2 value of edges connecting each pair of functional groups in Yeo
parcellation. Bottom and side color panels indicate the corresponding
Yeo parcellation of each ROI.
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(a) FA All Twins. (b) FA Female Twins. (c) FA Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.5. Heritability of top 0.5% edges ranked by h2. (a)-(c) Heatmap
of anatomical connection matrix. (d)-(f) Heritability of edge-level
measures in the brain map. Node color indicates different Yeo func-
tional groups. (g)-(i) Heatmap showing total number and average h2
value of edges connecting each pair of functional groups in Yeo par-
cellation. Top and side color panels indicate the corresponding Yeo
parcellation of each ROI. The last subcortical (SUB) group is added
to complement the Yeo atlas.
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(a) FA All Twins. (b) FA Female Twins. (c) FA Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.6. Heritability of top 0.5% edges ranked by h2.Node color indi-
cates different Yeo functional groups. (a)-(c) Heritability of edge-level
fractional anisotropy measures in the brain map of Left View. (d)-(f)
The brain map of heritable fractional anisotropy edges in the Front
View accordingly. (g)-(i) Edges with significant heritable fractional
anisotropy in the brain map of Right View.
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(a) FL All Twins. (b) FL Female Twins. (c) FL Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.7. Heritability distribution of all significant and reliable edges
for all twins, female twins and male twins within the Fiber Length
feature. (a) (b) (c) Histogram for reliable edges. (d) (e) (f) Heatmap
of anatomical connection matrix. Rows and columns are reordered to
form seven functional groups corresponding to Yeo parcellation. Top
and side color panels indicate the corresponding Yeo parcellation of
each ROI. The last subcortical (SUB) group is added to complement
the Yeo atlas. (g) (h) (i) Heatmap showing total number and average
h2 value of edges connecting each pair of functional groups in Yeo
parcellation. Bottom and side color panels indicate the corresponding
Yeo parcellation of each ROI.
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(a) FL All Twins. (b) FL Female Twins. (c) FL Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.8. Heritability of top 0.5% edges ranked by h2. (a)-(c) Heatmap
of anatomical connection matrix. (d)-(f) Heritability of edge-level
measures in the brain map. Node color indicates different Yeo func-
tional groups. (g)-(i) Heatmap showing total number and average h2
value of edges connecting each pair of functional groups in Yeo par-
cellation. Top and side color panels indicate the corresponding Yeo
parcellation of each ROI. The last subcortical (SUB) group is added
to complement the Yeo atlas.
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(a) FL All Twins. (b) FL Female Twins. (c) FL Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.9. Heritability of top 0.5% edges ranked by h2.Node color indi-
cates different Yeo functional groups. (a)-(c) Heritability of edge-level
measures in the brain map of Left View. (d)-(f) Heritability of edge-
level measures in the brain map of Front View accordingly. (g)-(i)
Heritability of edge-level measures in the brain map of Right View.
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(a) FN All Twins. (b) FN Female Twins. (c) FN Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.10. Heritability distribution of all significant and reliable edges
for all twins, female twins and male twins within the Fiber Number
feature. (a) (b) (c) Histogram for reliable edges. (d) (e) (f) Heatmap
of anatomical connection matrix. Rows and columns are reordered to
form seven functional groups corresponding to Yeo parcellation. Top
and side color panels indicate the corresponding Yeo parcellation of
each ROI. The last subcortical (SUB) group is added to complement
the Yeo atlas. (g) (h) (i) Heatmap showing total number and average
h2 value of edges connecting each pair of functional groups in Yeo
parcellation. Bottom and side color panels indicate the corresponding
Yeo parcellation of each ROI.
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(a) FN All Twins. (b) FN Female Twins. (c) FN Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.11. Heritability of top 0.5% edges ranked by h2. (a)-(c)
Heatmap of anatomical connection matrix. (d)-(f) Heritability of
edge-level measures in the brain map. Node color indicates different
Yeo functional groups. (g)-(i) Heatmap showing total number and
average h2 value of edges connecting each pair of functional groups in
Yeo parcellation. Top and side color panels indicate the correspond-
ing Yeo parcellation of each ROI. The last subcortical (SUB) group
is added to complement the Yeo atlas.
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(a) FN All Twins. (b) FN Female Twins. (c) FN Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.12. Heritability of top 0.5% edges ranked by h2.Node color
indicates different Yeo functional groups. (a)-(c) Heritability of edge-
level measures in the brain map of Left View. (d)-(f) Heritability
of edge-level measures in the brain map of Front View accordingly.
(g)-(i) Heritability of edge-level measures in the brain map of Right
View.
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(a) FA All Twins. (b) FA One Third Twins. (c) FA Two Thirds Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.13. Heritability distribution of all significant and reliable edges
for all twins, one third twins and two thirds twins within the Frac-
tional Anisotropy feature. (a) (b) (c) Histogram for reliable edges. (d)
(e) (f) Heatmap of anatomical connection matrix. Rows and columns
are reordered to form seven functional groups corresponding to Yeo
parcellation. Top and side color panels indicate the corresponding
Yeo parcellation of each ROI. The last subcortical (SUB) group is
added to complement the Yeo atlas. (g) (h) (i) Heatmap showing
total number and average h2 value of edges connecting each pair of
functional groups in Yeo parcellation. Bottom and side color panels
indicate the corresponding Yeo parcellation of each ROI.
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(a) FA All Twins. (b) FA One Third Twins. (c) FA Two Thirds Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.14. Heritability of top 0.5% edges ranked by h2. (a)-(c)
Heatmap of anatomical connection matrix. (d)-(f) Heritability of
edge-level measures in the brain map. Node color indicates different
Yeo functional groups. (g)-(i) Heatmap showing total number and
average h2 value of edges connecting each pair of functional groups in
Yeo parcellation. Top and side color panels indicate the correspond-
ing Yeo parcellation of each ROI. The last subcortical (SUB) group
is added to complement the Yeo atlas.
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(a) FA All Twins. (b) FA One Third Twins. (c) FA Two Thirds Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.15. Heritability of top 0.5% edges ranked by h2.Node color
indicates different Yeo functional groups. (a)-(c) Heritability of edge-
level measures in the brain map of Left View. (d)-(f) Heritability
of edge-level measures in the brain map of Front View accordingly.
(g)-(i) Heritability of edge-level measures in the brain map of Right
View.
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(a) FL All Twins. (b) FL One Third Twins. (c) FL Two Thirds Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.16. Heritability distribution of all significant and reliable edges
for all twins, one third twins and two thirds twins within the Fiber
Length feature. (a) (b) (c) Histogram for reliable edges. (d) (e)
(f) Heatmap of anatomical connection matrix. Rows and columns
are reordered to form seven functional groups corresponding to Yeo
parcellation. Top and side color panels indicate the corresponding
Yeo parcellation of each ROI. The last subcortical (SUB) group is
added to complement the Yeo atlas. (g) (h) (i) Heatmap showing
total number and average h2 value of edges connecting each pair of
functional groups in Yeo parcellation. Bottom and side color panels
indicate the corresponding Yeo parcellation of each ROI.
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(a) FL All Twins. (b) FL One Third Twins. (c) FL Two Thirds Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.17. Heritability of top 0.5% edges ranked by h2. (a)-(c)
Heatmap of anatomical connection matrix. (d)-(f) Heritability of
edge-level measures in the brain map. Node color indicates different
Yeo functional groups. (g)-(i) Heatmap showing total number and
average h2 value of edges connecting each pair of functional groups in
Yeo parcellation. Top and side color panels indicate the correspond-
ing Yeo parcellation of each ROI. The last subcortical (SUB) group
is added to complement the Yeo atlas.
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(a) FL All Twins. (b) FL One Third Twins. (c) FL Two Thirds Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.18. Heritability of top 0.5% edges ranked by h2.Node color
indicates different Yeo functional groups. (a)-(c) Heritability of edge-
level measures in the brain map of Left View. (d)-(f) Heritability
of edge-level measures in the brain map of Front View accordingly.
(g)-(i) Heritability of edge-level measures in the brain map of Right
View.
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(a) FN All Twins. (b) FN One Third Twins. (c) FN Two Thirds Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.19. Heritability distribution of all significant and reliable edges
for all twins, one third twins and two thirds twins within the Fiber
Number feature. (a) (b) (c) Histogram for reliable edges. (d) (e)
(f) Heatmap of anatomical connection matrix. Rows and columns
are reordered to form seven functional groups corresponding to Yeo
parcellation. Top and side color panels indicate the corresponding
Yeo parcellation of each ROI. The last subcortical (SUB) group is
added to complement the Yeo atlas. (g) (h) (i) Heatmap showing
total number and average h2 value of edges connecting each pair of
functional groups in Yeo parcellation. Bottom and side color panels
indicate the corresponding Yeo parcellation of each ROI.
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(a) FN All Twins. (b) FN One Third Twins. (c) FN Two Thirds Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.20. Heritability of top 0.5% edges ranked by h2. (a)-(c)
Heatmap of anatomical connection matrix. (d)-(f) Heritability of
edge-level measures in the brain map. Node color indicates different
Yeo functional groups. (g)-(i) Heatmap showing total number and
average h2 value of edges connecting each pair of functional groups in
Yeo parcellation. Top and side color panels indicate the correspond-
ing Yeo parcellation of each ROI. The last subcortical (SUB) group
is added to complement the Yeo atlas.
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(a) FN All Twins. (b) FN One Third Twins. (c) FN Two Thirds Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.21. Heritability of top 0.5% edges ranked by h2.Node color
indicates different Yeo functional groups. (a)-(c) Heritability of edge-
level measures in the brain map of Left View. (d)-(f) Heritability
of edge-level measures in the brain map of Front View accordingly.
(g)-(i) Heritability of edge-level measures in the brain map of Right
View.
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(a) FA All Twins. (b) FA Female Twins. (c) FA Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.22. Heritability distribution of all significant and reliable edges
for all twins, female twins and male twins within the Fractional
Anisotropy feature. (a) (b) (c) Histogram for reliable edges. (d) (e)
(f) Heatmap of anatomical connection matrix. Rows and columns are
reordered to form seven functional groups corresponding to Yeo par-
cellation. Top and side color panels indicate the corresponding Yeo
parcellation of each ROI. The last subcortical (SUB) group is added
to complement the Yeo atlas. (g) (h) (i) Heatmap showing total num-
ber and average h2 value of edges connecting each pair of functional
groups in Yeo parcellation. Bottom and side color panels indicate the
corresponding Yeo parcellation of each ROI.
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(a) FA All twins. (b) FA Female Twins. (c) FA Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.23. Heritability of top 0.5% edges ranked by h2. (a)-(c)
Heatmap of anatomical connection matrix. (d)-(f) Heritability of
edge-level measures in the brain map. Node color indicates different
Yeo functional groups. (g)-(i) Heatmap showing total number and
average h2 value of edges connecting each pair of functional groups in
Yeo parcellation. Top and side color panels indicate the correspond-
ing Yeo parcellation of each ROI. The last subcortical (SUB) group
is added to complement the Yeo atlas.
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(a) FA All Twins. (b) FA Female Twins. (c) FA Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.24. Heritability of top 0.5% edges ranked by h2.Node color
indicates different Yeo functional groups. (a)-(c) Heritability of edge-
level measures in the brain map of Left View. (d)-(f) Heritability
of edge-level measures in the brain map of Front View accordingly.
(g)-(i) Heritability of edge-level measures in the brain map of Right
View.
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(a) FL All Twins. (b) FL Female Twins. (c) FL Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.25. Heritability distribution of all significant and reliable edges
for all twins, female twins and male twins within the Fiber Length
feature. (a) (b) (c) Histogram for reliable edges. (d) (e) (f) Heatmap
of anatomical connection matrix. Rows and columns are reordered to
form seven functional groups corresponding to Yeo parcellation. Top
and side color panels indicate the corresponding Yeo parcellation of
each ROI. The last subcortical (SUB) group is added to complement
the Yeo atlas. (g) (h) (i) Heatmap showing total number and average
h2 value of edges connecting each pair of functional groups in Yeo
parcellation. Bottom and side color panels indicate the corresponding
Yeo parcellation of each ROI.
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(a) FL All Twins. (b) FL Female Twins. (c) FL Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.26. Heritability of top 0.5% edges ranked by h2. (a)-(c)
Heatmap of anatomical connection matrix. (d)-(f) Heritability of
edge-level measures in the brain map. Node color indicates different
Yeo functional groups. (g)-(i) Heatmap showing total number and
average h2 value of edges connecting each pair of functional groups in
Yeo parcellation. Top and side color panels indicate the correspond-
ing Yeo parcellation of each ROI. The last subcortical (SUB) group
is added to complement the Yeo atlas.
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(a) FA All Twins. (b) FA Female Twins. (c) FA Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.27. Heritability of top 0.5% edges ranked by h2.Node color
indicates different Yeo functional groups. (a)-(c) Heritability of edge-
level measures in the brain map of Left View. (d)-(f) Heritability
of edge-level measures in the brain map of Front View accordingly.
(g)-(i) Heritability of edge-level measures in the brain map of Right
View.
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(a) FN All Twins. (b) FN Female Twins. (c) FN Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.28. Heritability distribution of all significant and reliable edges
for all twins, female twins and male twins within the Fiber Number
feature. (a) (b) (c) Histogram for reliable edges. (d) (e) (f) Heatmap
of anatomical connection matrix. Rows and columns are reordered to
form seven functional groups corresponding to Yeo parcellation. Top
and side color panels indicate the corresponding Yeo parcellation of
each ROI. The last subcortical (SUB) group is added to complement
the Yeo atlas. (g) (h) (i) Heatmap showing total number and average
h2 value of edges connecting each pair of functional groups in Yeo
parcellation. Bottom and side color panels indicate the corresponding
Yeo parcellation of each ROI.
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(a) FN All Twins. (b) FN Female Twins. (c) FN Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.29. Heritability of top 0.5% edges ranked by h2. (a)-(c)
Heatmap of anatomical connection matrix. (d)-(f) Heritability of
edge-level measures in the brain map. Node color indicates different
Yeo functional groups. (g)-(i) Heatmap showing total number and
average h2 value of edges connecting each pair of functional groups in
Yeo parcellation. Top and side color panels indicate the correspond-
ing Yeo parcellation of each ROI. The last subcortical (SUB) group
is added to complement the Yeo atlas.
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(a) FN All Twins. (b) FN Female Twins. (c) FN Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.30. Heritability of top 0.5% edges ranked by h2.Node color
indicates different Yeo functional groups. (a)-(c) Heritability of edge-
level measures in the brain map of Left View. (d)-(f) Heritability
of edge-level measures in the brain map of Front View accordingly.
(g)-(i) Heritability of edge-level measures in the brain map of Right
View.
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(a) FA Female Twins. (b) FA Male Twins.
(c) FA Female Non-overlapped. (d) FA Male Non-overlapped
Fig. 3.31. Heritability distribution of all significant and reliable
edges for 154 female twins and 154 male twins within the Fractional
Anisotropy feature in the scale of 120. (a) (b) Histogram for all reli-
able edges. (c) (d) Histogram for non-overlapped reliable edges.
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(a) FA Female Twins (b) FA Male Twins (c) Female Male Diff.
(d) (e) (f)
(g) (h) (i)
Fig. 3.32. Heritability of non-overlapped reliable edges for female and
male twins (first and second column), and heritability of top 324 edges
ranked by abstract value of h2 difference between female and male
twins group (third column), within the Fractional Anisotropy feature.
(a)-(c) Heatmap of anatomical connection matrix. (d)-(f) Heritability
of edge-level measures in the brain map. Node color indicates different
Yeo functional groups. (g)-(i) Heatmap showing total number and
average h2 value of edges connecting each pair of functional groups in
Yeo parcellation. Top and side color panels indicate the corresponding
Yeo parcellation of each ROI. The last subcortical (SUB) group is
added to complement the Yeo atlas.
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(a) FA Female Twins. (b) FA Male Twins. (c) Female Male Diff.
(d) (e) (f)
(g) (h) (i)
Fig. 3.33. Heritability brain map of non-overlapped reliable edges
for female and male twins (first and second column), and heritability
brain map of top 324 edges ranked by abstract value of h2 difference
between female and male twins group (third column). (a)-(c) Heri-
tability of edge-level measures in the brain map of Left View. (d)-(f)
Heritability of edge-level measures in the brain map of Front View
accordingly. (g)-(i) Heritability of edge-level measures in the brain
map of Right View.
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(a) FL Female Twins. (b) FL Male Twins.
(c) FL Female Non-overlapped. (d) FL Female Male Diff.
Fig. 3.34. Heritability distribution of all significant and reliable edges
for 154 female twins and 154 male twins within the Fiber Length
feature in the scale of 60. (a) (b) Histogram for all reliable edges. (c)
(d) Histogram for non-overlapped reliable edges.
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(a) FL Female Twins (b) FL Male Twins (c) Female Male Diff.
(d) (e) (f)
(g) (h) (i)
Fig. 3.35. Heritability of non-overlapped reliable edges for female and
male twins (first and second column), and heritability of top 324 edges
ranked by abstract value of h2 difference between female and male
twins group (third column), within the Fiber Length feature. (a)-
(c) Heatmap of anatomical connection matrix. (d)-(f) Heritability of
edge-level measures in the brain map. Node color indicates different
Yeo functional groups. (g)-(i) Heatmap showing total number and
average h2 value of edges connecting each pair of functional groups in
Yeo parcellation. Top and side color panels indicate the corresponding
Yeo parcellation of each ROI. The last subcortical (SUB) group is
added to complement the Yeo atlas.
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(a) FL Female Twins. (b) FL Male Twins. (c) FL Male Twins.
(d) (e) (f)
(g) (h) (i)
Fig. 3.36. Heritability brain map of non-overlapped reliable edges
for female and male twins (first and second column), and heritability
brain map of top 324 edges ranked by abstract value of h2 difference
between female and male twins group (third column). (a)-(c) Heri-
tability of edge-level measures in the brain map of Left View. (d)-(f)
Heritability of edge-level measures in the brain map of Front View
accordingly. (g)-(i) Heritability of edge-level measures in the brain
map of Right View.
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(a) FN Female Twins. (b) FN Male Twins.
(c) FN Female Non-overlapped. (d) FN Male Non-overlapped
Fig. 3.37. Heritability distribution of all significant and reliable edges
for 154 female twins and 154 male twins within the Fiber Number
feature in the scale of 60. (a) (b) Histogram for all reliable edges. (c)
(d) Histogram for non-overlapped reliable edges.
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(a) FN Female Twins (b) FN Male Twins (c) Female Male Diff.
(d) (e) (f)
(g) (h) (i)
Fig. 3.38. Heritability of non-overlapped reliable edges for female and
male twins (first and second column), and heritability of all 73 edges
showing difference value of h2 between female and male twins group
(third column), within the Fiber Number feature. (d)-(f) Heritability
of edge-level measures in the brain map. Node color indicates different
Yeo functional groups. (g)-(i) Heatmap showing total number and
average h2 value of edges connecting each pair of functional groups in
Yeo parcellation. Top and side color panels indicate the corresponding
Yeo parcellation of each ROI. The last subcortical (SUB) group is
added to complement the Yeo atlas.
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(a) FN Female Twins. (b) FN Male Twins. (c) Female Male Diff.
(d) (e) (f)
(g) (h) (i)
Fig. 3.39. Heritability brain map of non-overlapped reliable edges
for female and male twins (first and second column), and heritabil-
ity brain map of all 73 edges showing difference value of h2 between
female and male twins group (third column), within the Fiber Num-
ber feature. (a)-(c) Heritability of edge-level measures in the brain
map of Left View. (d)-(f) Heritability of edge-level measures in the
brain map of Front View accordingly. (g)-(i) Heritability of edge-level
measures in the brain map of Right View.
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4. CONCLUSIONS AND FUTURE WORK
4.1 Conclusions
In this thesis a comprehensive heritability analysis for both edge-level and network-
level brain connectomic features was performed. Unlike previous studies that largely
focused on tracts (white matter regions of interest), brain region volumes (gray and
white matter volumes, cerebellar volumes) [75], or a few network topology measures,
a new brain parcellation was used in this thesis to construct brain networks (connec-
tome) with improved anatomical precision. Seven network-level features were tested
and found to reliable and significantly heritable. To the best of our knowledge, this
work is the first heritability study focusing on anatomical networks of human brain
(i.e. connectome). Results indicate the degree to which the genetic factors may in-
fluence the structural coordination between/within functional brain circuits. Many
edges/tracts were found to be highly heritable, particularly those connecting the de-
fault mode network circuit or visual circuit. This is consistent with other findings
that have indicated that regions in the default mode network have very similar gene
expression patterns.
In addition, female and male differences, with regards to brain connectivity, were
investigated and their genetic variance explained. Further, the heritable circuit of
the edges connecting pairs of functional groups in Yeo parcellation were investigated
in both female and male group. Many edges/tracts were found to have an overall
higher heritable h2 value in the male group than the female group, in terms of frac-
tional anisotropy, especially the connections between the Somato-Motor and Dosal
Attention, or between the Fronto-Parietal and Default Mode Network. Conversely,
many edges showing with significant fiber lengths were found to have overall less her-
itable h2 value in the male group than the female group, especially those connecting
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within the Default Mode Network, or between the Fronto-Parietal and Default Mode
Network. These findings might be helpful to reveal gender difference on the basis of
functional MRI in response to particular tests or tasks. In addition, these findings
will enhance our understanding of how the structural connected pathways influence
the functional connected circuits.
4.2 Future Work
Future work comprising the statistical analysis of gender differences and their
corresponding biological/anatomical meanings needs to be preformed, since the work
done herein did not conclude if anatomical connectivity differences between genders
are statistically significant. In addition, one more covariate, the intracranial volume
(ICV), needs to be included in heritability estimation, since ICV has obvious effect
on fiber length for each individual.
Another study to be performed in future, across functional atlases (e.g. Shen
Atals [45]), is an investigation of how distinct brain templates affect brain network
heritability. Similarly, a comparison can be conducted across anatomical brain tem-
plates (such as the AAL Atlas [41] and the JHu Atlas [43]) with the aim of revealing
alterations in brain structural connectivity for potential risk of neurodegenerative
disease. The genetic variation in terms of brain connectivity can then be applied in
future Genome-wide association study of Alzheimer’s Disease.
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